The amygdala sends heavy and broad projections to the rostral midbrain including the periaqueductal gray (PAG), the deep layers of the superior colliculus/deep mesencephalic nucleus (deep SC/DpMe), and the lateral mesencephalic reticular formation (MRF) that in turn project to the nucleus reticularis pontis caudalis (PnC), an obligatory relay in the primary acoustic startle circuit. Chemical lesions or inactivation of these areas blocked fear-potentiated startle, suggesting that these areas serve as a relay between the amygdala and the PnC. In the present study, we tried to determine more precisely which of these sites were critical for fear-potentiated startle and the role of glutamate receptors in this site in mediating fear-potentiated startle. Local infusion of the non-NMDA receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo(F)-quinoxaline (NBQX) dose-dependently blocked fear-potentiated startle when infused into the deep SC/ DpMe before testing but had no effect on baseline startle amplitude. NBQX did not block fear-potentiated startle when infused before training. The same dose of NBQX infused into the dorsal/lateral PAG, the lateral MRF, or the superficial layers of the SC did not affect fear-potentiated startle. However, NBQX tended to reduce contextual freezing when infused into the dorsal/lateral PAG. These findings suggest that the deep SC/DpMe is the site that serves as a critical output relay between the amygdala and the PnC in mediating fearpotentiated startle and that glutamatergic transmission is required for this action.
Introduction
The fear-potentiated startle effect [increased acoustic startle amplitude when startle is elicited in the presence of a cue previously paired with footshock (Brown et al., 1951; Davis and Astrachan, 1978) ] is critically dependent on the amygdala that projects directly to the nucleus reticularis pontis caudalis (PnC), an obligatory brainstem synapse in the acoustic startle pathway (Davis et al., 1982; Hitchcock and Davis, 1986; Rosen et al., 1991; Lee et al., 1996) . Electrolytic lesions of the amygdala (Hitchcock and Davis, 1986) or lesions along this amygdalo-PnC pathway completely blocked fear-potentiated startle, and this direct pathway was proposed to mediate fear-potentiated startle . However, the amygdala also sends heavy, broad projections to the rostral midbrain (Rosen et al., 1991; Fendt et al., 1994) , which in turn projects to the PnC (Veazey and Severin, 1980; Fendt et al., 1994; Cameron et al., 1995; Meloni and Davis, 1999) . Collision tests using electrical brain stimulation suggested that a synapse existed between the amygdala and the midbrain and electrolytic lesions in the midbrain blocked fear-potentiated startle (Yeomans and Pollard, 1993) . Thus, the rostral midbrain was proposed to be a relay between the amygdala and the PnC in fear-potentiated startle (Yeomans and Pollard, 1993) .
This idea was supported by the fact that chemical, fibersparing lesions of the lateral mesencephalic reticular formation (MRF) in the rostral midbrain blocked fear-potentiated startle (Frankland and Yeomans, 1995) , as did chemical lesions of the lateral periaqueductal gray (PAG) (Fendt et al., 1996) . In addition, inactivation of the deep layers of the superior colliculus/ deep mesencephalic nucleus (deep SC/DpMe) with muscimol blocked the expression but not the acquisition of fear-potentiated startle (Meloni and Davis, 1999) , suggesting an effect on the output circuitry of the amygdala rather than a blockade of sensory input to the amygdala. Although these results confirmed a critical relay in the midbrain in mediating fear-potentiated startle, the precise part of the midbrain remained unclear. Lesions directed to the PAG (Fendt et al., 1996) or MRF (Frankland and Yeomans, 1995) both included some damage to the deep SC/DpMe that sits between the PAG and the MRF. More confined lesions of the dorsal and lateral PAG (Walker and Davis, 1997) , or lesions of the auditory thalamus that partially involved in the MRF (Campeau and Davis, 1995) , did not block fear-potentiated startle using a visual conditioned stimulus (CS), indirectly implicating the deep SC/DpMe as the critical site that mediates fear-potentiated startle.
Recently, we found that local infusion of the AMPA/kainate glutamatergic receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo( F)-quinoxaline (NBQX) has a limited area of diffusion based on infusion sites in the amygdala that do or do not block fear-potentiated startle (D. L. Walker, G. Y. Paschall, and M. Davis, unpublished observations) . Here, we used NBQX infusion into each of these highly glutamate-positive areas (Jones, 1994) to evaluate the critical site of the rostral midbrain in mediating fear-potentiated startle. We also tested whether NBQX infusion into the deep SC/DpMe would block the expression, but not the acquisition, of fear-potentiated startle.
Materials and Methods

Subjects
Male Sprague Dawley rats (Charles River, Raleigh, NC), weighing 400 -450 gm at the time of surgery, were used in this study. Animals were housed in groups of four in plastic cages until surgery, after which they were housed singly in a hanging wire cage (18 ϫ 25 ϫ 20 cm). Rats were maintained on a 12 hr light/dark cycle (lights on from 7:00 A.M. to 7:00 P.M.) with food and water available ad libitum. This work was performed under conditions consistent with the U.S. Department of Agriculture, Emory University, and National Institutes of Health rules for the care and use of laboratory animals.
Cannula implantation
Before the behavioral experiments, rats were anesthetized with Nembutal (sodium pentobarbital; 50 mg/kg, i.p.; Emory University School of Medicine Pharmacy, Atlanta, GA) and placed in a stereotaxic instrument (model 900; Kopf, Tujunga, CA) with blunt ear bars. The skull was exposed, and stainless steel guide cannulas (22 gauge; Plastics One, Roanoke, VA), which were occluded with an internal dummy stylette extending 1 mm beyond the guide cannula tip, were bilaterally lowered into the brain aiming at the deep SC/DpMe [anteroposterior (AP), Ϫ6.6 mm; mediolateral (ML), ϩ/Ϫ1.5 mm; dorsoventral (DV), Ϫ5.0 mm with respect to bregma and dura], the dorsal/lateral PAG (AP, Ϫ6.6 mm; ML, ϩ/Ϫ0.5 mm; DV, Ϫ5.0 mm), the lateral MRF (AP, Ϫ6.6 mm; ML, ϩ/Ϫ2.5 mm; DV, Ϫ5.0 mm), or the superficial SC (AP, Ϫ6.6 mm; ML. ϩ/Ϫ1.5 mm; DV, Ϫ3.3 mm). The cannulas were anchored with dental cement to four jeweler screws that were previously attached to the skull. Animals were given 7 d for recovery before the behavioral study began.
Startle apparatus
Rats were trained and tested in four identical stabilimeters located in separate chambers (90 ϫ 70 ϫ 70 cm) that were dark, ventilated, and sound attenuated. Each stabilimeter consisted of an 8 ϫ 15 ϫ 15 cm Plexiglas and wire mesh cage and was suspended within a steel frame by four compression springs. The floor of each cage consisted of four stainless steel bars (6 mm in diameter and 18 mm apart), through which footshocks were delivered. An accelerometer (PCM Piezotronics, Depew, NY) was affixed to the bottom of the cage to detect any movement of the cage. The displacement of the accelerometer caused by cage movement generated voltage that was integrated and proportional to the velocity of cage movement. The analog output of the accelerometer was amplified (model 483B21; PCB, Piezotronics) and digitized on a scale of 0 -2500 U by an InstruNET device (model 100B; GW Instruments, Somerville, MA) interfaced to a Macintosh G3 computer. The amplitude of startle response was defined as the maximal peak-to-peak voltage that occurred during the first 200 msec after onset of the startle-eliciting stimulus. Using the cage arrangement described above, the very abrupt, short-latency, startle reflex (e.g., 8 msec recorded with electromyography in the hindleg) leads to an initial downward cage movement with a latency of 13-15 msec, followed by a short series of upward and downward cage movements that are rapidly damped, ending in ϳ180 msec (Cassella and Davis, 1986) . Hence, the 200 msec sampling window allows the highest peak-to-peak movement of the cage to be accurately sampled. The total duration of cage movement does not reflect additional movement of the animal beyond 15-20 msec but simply the integrated output of the accelerometer under these conditions in which it is compressed between the cage and compression springs above and the rubber stopper below (Cassella and Davis, 1986) . The startle reflex does not involve any additional movement and is fully described by two afferent volleys to spinal motor neurons with latencies of 8 and 13 msec (Boulis et al., 1990) . The output of the accelerometer over a 200 msec window also was used to measure activity in the absence of a startle stimulus as a measure of freezing to context after fear conditioning . A surveillance camera (Burle model TC 651B with a TC 9907a lens; Operational Security Systems, Atlanta, GA) was positioned behind each stabilimeter and connected to a television monitor located outside the chamber. Background illumination was provided by a red incandescent bulb (7.5 W) located 11 cm above the stabilimeter.
A high-frequency speaker (Radio Shack Super-tweeters; range, 5-40 kHz) was positioned 5 cm from the front of each stabilimeter. Constant background white noise (60 dB) was generated by a General Radio noise generator (ACO Pacific, Belmont, CA) and delivered through the speaker. The acoustic startle stimulus was a 50 msec white noise burst (5 msec rise-decay) generated by the Macintosh G3 computer (0 -22 kHz) and delivered through the same speaker to evoke startle response. The background noise and the white noise burst were amplified by a Radio Shack amplifier (100 W; model MPA-200). The intensity of the sounds was frequently calibrated with a sound level meter (model 2235; Bruel & Kjaer, Marlborough, MA) at the distance that approximated the distance of the rat's ear to the speaker.
The visual CS was a 3.7 sec light (70 lux) produced by an 8 W fluorescent bulb (100 sec rise time, measured by a photocell connected to a storage oscilloscope) that was located 15 cm behind each stabilimeter. The olfactory CS was a 4 sec odor of 5% amyl acetate (Sigma, St. Louis, MO) diluted in propylene glycol. This odor was delivered through an olfactometer (model E15-03; Coulbourne Instruments, Allentown, PA) mounted outside the chamber as described previously . The olfactometer allowed the odor to be blended with an otherwise steady flow of air at an overall rate of 2 l/min. The unconditioned stimulus (US) was a 0.5 sec, 0.4 mA shock produced by four shock generators (SGS-004; LeHigh Valley, Beltsville, MD) located outside the chamber and delivered to the floor bars of each stabilimeter. Shock intensity was measured with a 1 k⍀ resistor across a differential channel of an oscilloscope in series with a 100 k⍀ resistor connected between adjacent floor bars within each stabilimeter. Current was defined as the root mean square voltage across the 1 k⍀ resistor in which milliamperes equaled 0.707 ϫ 0.5 ϫ peak-to-peak voltage. The presentation and sequencing of all stimuli were under the control of the Macintosh G3 computer using specially designed software (The Experimenter; Glassbeads, Newton, CT).
Behavioral procedures Experiment 1: test for the effects of NBQX on the acquisition of fear-potentiated startle
Matching. After recovery from surgery, rats were given two sessions of matching on 2 consecutive days before training. On each of the matching sessions, animals were placed in the stabilimeter devices for 5 min without exposure to acoustic startle stimuli (acclimation period). During the 5 min acclimation period, activity was sampled for 200 msec every 10 sec. After the acclimation period, 15 startle-eliciting stimuli (leaders) were given in a semirandom order, five at each of three different intensities (95, 100, and 105 dB) at a 30 sec interstimulus interval (ISI). The leaders were used to familiarize the rats to the acoustic stimuli and were not used for statistical analysis. Following the leaders, another 45 startle stimuli were presented, 15 at each of the three different intensities with 30 sec ISIs. Rats were then divided into groups that had equivalent mean startle amplitudes across these 45 stimuli. These matching sessions are designed to produce some habituation and stabilization of the startle response, and we have proved them useful to include before experimental manipulations.
Drug infusion. Immediately before each of the two training sessions, rats were infused with either the AMPA/kainate receptor antagonist NBQX (disodium; Tocris, Avonmouth, Bristol, UK) or artificial CSF (ACSF). NBQX was freshly prepared at the following doses: 7.9 nmol (3 g) and 0.79 nmol (0.3 g) in 0.5 l of ACSF. During the drug infusion, rats were placed in individual plastic cages (28 ϫ 17 ϫ 12 cm), the dummy stylettes were removed, and the infusion cannulas (28 gauge; 1 mm projection from the tip of the guide cannula; Plastics One) were inserted. The infusion cannulas were attached to microsyringes (10 l; Hamilton, Reno, NV) by polythylene tubing, and the drug solutions were delivered into the deep SC/DpMe or the dorsal/lateral PAG by a Harvard Apparatus (South Natick, MA) pump (model 22) at 0.25 l/min for 2 min for a total 0.5 l drug solution in each infusion site. The infusion cannulas remained in place for another 2 min after infusion and then removed, and the dummy stylettes were replaced.
Training. Rats were presented with either light or an odor as a CS that was paired with a mild footshock during training for fear conditioning. For training with light-shock pairing, two sessions of training were given 24 hr apart. On each of the training sessions, rats were placed in the stabilimeter devices and activity was sampled for 5 min, identical to the matching session. Immediately thereafter, rats were given 10 light-shock pairings that consisted of a 3.7 sec light and a 0.5 sec, 0.4 mA footshock that coterminated simultaneously. The mean intertrial interval was 3 min (range, 2-4 min). For odor-shock training, only one session was used that consisted of five odor-shock pairings, using a 4 sec odor coterminating with a 0.5 sec, 0.4 mA footshock, a procedure sufficient to produce reliable fear-potentiated startle to olfactory CSs . The rest of procedures were identical to those in light-shock training.
Fear-potentiated startle testing. Two days after training, rats were returned to the stabilimeters and presented with the acclimation and leaders identical to the matching sessions, followed by 30 startle stimuli in the presence of light [light-noise (LN) trials] and 30 stimuli in the absence of light [noise-alone (NA) trials], 10 of each of the three intensities (95,100, and 105 dB) with a 30 sec ISI. On the LN trials, the startle stimulus occurred 3.2 sec after the onset of the light, the same time point as the footshock was given in the training sessions. The LN and NA trials were presented in a balanced, pseudorandom order with the constraint that each trial type occurred only once in each consecutive six-trial block (LN or NA ϫ 95, 100, and 105 dB). For the odor-shock-paired group, 30 leaders were followed by 40 startle stimuli at 95 dB that consisted of 10 blocks of four startle stimuli presented at a 30 sec ISI. On the first and every fourth stimulus thereafter, startle was elicited 3.5 sec after the onset of the 4 sec odor (odor-noise trial). We found this to be a sensitive way to measure odor-mediated fear-potentiated startle .
Experiment 2: effects of NBQX on the expression of fear-potentiated startle
The matching and training procedures were identical to those in experiment 1, except that there were no intracerebral drug infusions before the training sessions. To minimize the animal numbers used in this study, rats previously trained with light-shock pairing in experiment 1 were given one session of retraining 3 d after fear-potentiated startle testing and were used in experiment 2. We found that the retrained rats previously infused with drug and subsequently trained showed similar fear conditioning and drug response as did naive rats (Meloni and Davis, 1999 ; the present study). For retraining, rats received five light-shock pairings using the same procedures described in experiment 1.
Short test. One day after training/retraining, rats were given a 5 min acclimation period and 15 leaders, followed by five LN and five NA trials at 95 dB in a pseudorandom order. The startle amplitudes on the LN and NA trials were used to match rats into groups so that each of the groups had equivalent mean startle amplitudes on the LN and NA trials. Rats previously trained and tested for the acquisition of fear-potentiated startle were distributed evenly across groups as a function of their previous drug infusion treatments (i.e., NBQX or ACSF).
Test for the expression of fear-potentiated startle. One day after the short test, rats were infused with drugs and immediately tested for fearpotentiated startle, using drug infusion and test procedures identical to those described in experiment 1. Briefly, rats were infused with NBQX (0.16, 0.79, or 7.9 nmol) or ACSF into the deep SC/DpMe. In addition, other groups were infused with NBQX (0.79 nmol or 7.9 nmol) or ACSF into the dorsal/lateral PAG, the lateral MRF, or the superficial SC. Immediately after infusion, rats were returned to the stabilimeter devices and tested for fear-potentiated startle with the program identical to experiment 1. To address the issue as to whether previously trained and tested rats might have biased the results, eight additional rats were trained using the training protocol of experiment 1 first, but without any pretraining drug infusion, and 48 hr later were infused with NBQX or ACSF into the deep SC/DpMe and immediately tested for the expression of fear-potentiated startle.
Histology
At the end of the experiments, rats were given an overdose of chloral hydrate and perfused intracardially with 0.9% saline, followed by 8% buffered formalin. The brains were removed from the skull and immersed in a 30% sucrose-formalin solution for at least 3 d. The brains were later cut by 40 m coronal sections at the level of the midbrain. Every third section was mounted on gelatin-coated slides, air dried, and stained with cresyl violet. The location of the cannulas was assessed under a light microscope and transcribed onto a brain atlas (Paxinos and Watson, 1997) .
Statistical analyses
Mean startle amplitude, collapsed across startle stimulus intensity and session, was computed on the LN and NA trials and analyzed with paired t tests within each of the groups. To analyze between-group differences in fear-potentiated startle, the percentage of potentiation [((LN -NA)/ NA)) ϫ 100] was analyzed with univariate ANOVA using the SPSS (Chicago, IL) statistical package. If ANOVA yielded a significance of 0.05, post hoc analysis with two-tailed Dunnett's comparison was used to compare differences between the ACSF group and each of the NBQX-treated groups. Activity suppression during the first 5 min when rats were returned to the stabilimeters after fear conditioning was analyzed as contextual freezing index, which was defined as pretraining activity-posttraining activity. Fear-induced activity suppression was used as another measure of fear and has proven to correlate highly with freezing measured by observation Anagnostaras et al. 1999 ). The freezing behavior was analyzed only for the intra-PAG infusion of NBQX because our pilot study showed no effect of intra-deep SC/DpMe NBQX on the activity suppression induced by fear conditioning.
Results
Cannula placement
The locations of cannula tips into the deep SC/DpMe, the dorsal/ lateral PAG, the lateral MRF, and the superficial SC are illustrated in Figure 1 . The locations of the cannula tips in the deep SC/ DpMe are illustrated by the shaded area in the left panel with some squares and circles that are an example of the infusion with ACSF and 0.79 nmol of NBQX. The cannula placements in the deep SC/DpMe were at the junction between the deep layers of the superior colliculus (DpWh and DpG) and the deep mesencephalic nucleus (DpMe), with the center at the level across the aqueduct Sylvius. Starting from this point, as illustrated in the right panel of Figure 1 , 1 mm medial to this area was the location of the dorsal/lateral PAG that included dorsolateral and lateral PAG (DLPAG and LPAG). One millimeter lateral to this area was the infusion site of the lateral MRF that included the lateral portion of the intermediate gray layer of the superior colliculus (InG) and the lateral portion of the DpMe, and 1.7 mm dorsal to this area was superficial SC that was predominantly composed of su-perficial gray and optic nerve layers of the superior colliculus (SuG and Op). Figure 2 shows that pretraining infusion of NBQX into the deep SC/DpMe did not block the acquisition of fear-potentiated startle. As illustrated in the top panel, in rats infused with NBQX into the deep SC/DpMe before training with the visual CS, the startle amplitude was significantly higher on the LN trials than on the NA trials in each of the treatment groups (t (11) ϭ 5.808, p Ͻ 0.001 for ACSF; t (7) ϭ 4.079, p Ͻ 0.01 for 0.79 nmol of NBQX; t (11) ϭ 3.945, p Ͻ 0.01 for 7.9 nmol of NBQX, respectively; all p values for t tests are two-tailed probabilities). Moreover, as shown by the gray bars depicting the percentage of potentiated startle, there was no significant difference in the magnitude of the percentage of potentiation in the various groups (F (2,32) ϭ 0.754; p Ͼ 0.05). Similarly in rats trained with the olfactory CS (bottom panel), pretraining infusion of NBQX (7.9 nmol) into the deep SC/ DpMe also failed to affect the acquisition of potentiated startle because there was no difference in the magnitude of the percentage of potentiation between the control and NBQX groups (F (1,12) ϭ 0.164; p Ͼ 0.05). Figure 3 shows that pretesting infusion of NBQX into the deep SC/DpMe did block the expression of fear-potentiated startle using either the visual or the olfactory CS. The top panel shows that NBQX, infused into the deep SC/DpMe before testing with the visual CS, dose-dependently blocked fear-potentiated startle. A oneway ANOVA yielded a significant difference in the percentage of potentiation of startle among the four treatment groups (F (3,41) ϭ 8.552; p Ͻ 0.001). Subsequent comparisons with two-sided Dunnett's test comparing the ACSF group to each of the drug-treated groups showed significantly less fear-potentiated startle in the 0.79 and 7.9 nmol NBQX groups ( p Ͻ 0.01 and p Ͻ 0.001, respectively) but not in the 0.16 nmol NBQX group ( p Ͼ 0.05). Thus, startle amplitude was increased on the LN versus the NA trials in the ACSF group (t (11) ϭ 4.007; p Ͻ 0.01) and the 0.16 nmol NBQX group (t (8) ϭ 2.919; p Ͻ 0.05) but not in the groups with higher doses of NBQX (0.79 nmol, t (7) ϭ 1.742, p Ͼ 0.05; 7.9 nmol, t (11) ϭ 1.813, p Ͼ 0.05). The blockade of fear-potentiated startle by pretesting infusion of NBQX into the deep SC/DpMe was unlikely to result from damage of this area caused by the previous two infusions given before training in experiment 1, because a separate group of rats that did not have previous infusions before training but was only infused before testing with 0.79 nmol of NBQX into the deep SC/DpMe yielded similar results in blocking fear-potentiated startle (Fig. 3, bottom  left) . Paired t test revealed a significant increase in startle amplitude on the LN trials than on the NA trials in the ACSF group (t (3) ϭ 4.007; p Ͻ 0.05) but not in the 0.79 nmol NBQX group (t (3) ϭ 1.579; p Ͼ 0.05), and the percentage of potentiation of startle was significantly lower in the NBQX group than in the ACSF group (F (1,8) ϭ 7.182; p Ͻ 0.05). Similarly, in rats trained with the olfactory CS, pretesting infusion of NBQX (7.9 nmol) into the deep SC/DpMe also blocked fear-potentiated startle (Fig.  3 , bottom right) (F (1,12) ϭ 11.124; p Ͻ 0.01).
Effect of NBQX infusion into the deep SC/DpMe on the acquisition of fear-potentiated startle
Effect of NBQX infusion into the deep SC/DpMe on the expression of fear-potentiated startle
Effect of intra-PAG infusion of NBQX on fear-potentiated startle
Because 0.79 nmol of NBQX infused into the deep SC/DpMe blocked fear-potentiated startle, we used the same dose to evaluate the role of other amygdala projection sites of the rostral midbrain region in potentiated startle. Figure 4 shows that pretraining infusion (top panel) of NBQX into the PAG did not block the acquisition of fear-potentiated startle. Thus, in rats with pretraining infusions, startle amplitude was significantly higher on the LN trials than on the NA trials in both the control and the drugtreated groups (t (7) ϭ 3.095, p Ͻ 0.05 for ACSF and t (7) ϭ 3.765, p Ͻ 0.01 for NBQX, respectively), and there was no difference in the percentage of potentiation of startle between the two groups (F (1,16) ϭ 0.02; p Ͼ 0.05). Unlike the effect of NBQX in the deep SC/DpMe, however, pretesting infusion (Fig. 4, middle) of NBQX into the PAG did not block the expression of fearpotentiated startle. Thus, startle amplitude was higher on the LN trials in both groups (t (7) ϭ 3.846, p Ͻ 0.01 for ACSF and t (7) ϭ 2.409, p Ͻ 0.05 for NBQX, respectively), and there was no difference in the percentage of potentiation between the groups (F (1,16) ϭ 0.450; p Ͼ 0.05). Pretraining infusion also did not affect context-induced freezing (Fig. 4, bottom) (F (1,16 ) ϭ 1.253; p Ͼ 0.05). In contrast, pretesting infusion of NBQX tended to reduce freezing when compared with infusion of ACSF, although this difference was not statistically significant (Fig. 4, bottom) (F (1,16) ϭ 3.096; p Ͻ 0.10). Figure 5 shows that infusion of NBQX into the lateral MRF or into the superficial SC before testing also failed to affect fearpotentiated startle. For the intra-MRF infusion (Fig. 5, top) , startle amplitude was significantly increased on the LN trials than the NA trials in the ACSF group (t (7) ϭ 3.076; p Ͻ 0.05) and in the NBQX group (0.79 nmol; t (7) ϭ 2.352; p ϭ 0.05), and there was no difference in the percentage of potentiation between the two groups (F (1,16) ϭ 0.042; p Ͼ 0.05). Similar results were seen with infusion of NBQX into the superficial SC using a higher dose (Fig.  5 , bottom) (t (7) ϭ 3.660, p Ͻ 0.01 for ACSF and t (7) ϭ 2.422, p Ͻ 0.05 for 7.9 nmol of NBQX, respectively). ANOVA revealed no difference in the percentage of potentiation between the groups (F (1,16) ϭ 0.369; p Ͼ 0.05).
Effect of intra-MRF and intra-superficial SC NBQX on the expression of fear-potentiated startle
Discussion
The present study demonstrated that infusion of the AMPA/kainate glutamate receptor antagonist NBQX into the deep SC/ Figure 2 . Top, Mean startle amplitude (mean Ϯ SEM) on the NA (f) and the LN (Ⅺ) trials and the percentage of potentiation of startle ( ; mean Ϯ SEM) in rats that received infusion of ACSF or NBQX into the deep SC/DpMe before training using light CS (light-mediated). Bottom, Same treatment as in the top panel, except that rats were trained with an odor CS and tested on the NA and the odor-noise trials (odor-mediated). The legend is used for both of these two panels as well as the panels in Figure 3 . Figure 3 . Top, Mean startle amplitude (mean Ϯ SEM) on the NA and the LN trials and the percentage of potentiation of startle (mean Ϯ SEM) in rats that received infusion of ACSF or NBQX into the deep SC/DpMe before testing using light CS. Bottom, Same treatment as in the top panel, except that for the bottom left panel rats were given only pretesting infusion in experiment 2 without previous pretraining infusions in experiment 1. Right, Rats were trained with an odor CS and tested on the NA and the odor-noise trials. *p Ͻ 0.05, **p Ͻ0.01, and ***p Ͻ0.001, significance from the ACSF treatment.
DpMe of the rostral midbrain dose-dependently blocked the expression, but not the acquisition, of fear-potentiated startle. Infusion of the same dose of NBQX into the dorsal/lateral PAG, the lateral MRF, or the superficial SC spared fear-potentiated startle. None of the infusions altered the baseline startle response. The results are consistent with previous studies with either lesions of the lateral MRF (Yeomans and Pollard, 1993; Frankland and Yeomans, 1995) or pharmacological inactivation of the deep SC/DpMe (Meloni and Davis, 1999) and support the idea of an indirect amygdalo-tecto-PnC pathway in which the rostral midbrain serves as a relay between the amygdala and the PnC to mediate fear-potentiated startle (Yeomans and Pollard, 1993) . The results of the present study further indicate that the deep SC/DpMe is the critical site in the rostral midbrain in mediating fear-potentiated startle and that glutamatergic transmission is required for this action.
In the studies of Yeomans and colleagues, the lesions that blocked fear-potentiated startle centered in the areas ϳ1.5 mm ventral [the pararubral nucleus (PaR)] or 1.0 mm lateral (lateral MRF) to the deep SC/DpMe, but the complete lesion areas overlapped the deep SC/DpMe (Yeomans and Pollard, 1993; Frankland and Yeomans, 1995) . This raised the question as to which of these areas was involved in mediating fear-potentiated startle. This question was addressed in the present study by infusion of NBQX into the lateral MRF, and it was found that NBQX in the MRF did not affect fear-potentiated startle. This result is consistent with the finding that NMDA lesions of the auditory thalamic nuclei that resulted in some damage in the lateral MRF did not block fear-potentiated startle using a visual CS (Campeau and Davis 1995) . However, another study found that infusion of the NMDA antagonist AP-5 into the same area blocked fear- potentiated startle (Schauz and Koch, 2000) . Currently, it is not clear how to explain this apparent discrepancy, although it is possible that it was attributable to spread of AP-5 into the deep SC/DpMe. We have not been able to find the same kind of anatomical specificity using AP-5 as we have with NBQX and have found that AP-5 infused into the deep SC/DpMe also blocked the expression of fear-potentiated startle (our unpublished data).
The current results do not support those of Fendt et al. (1996) , who reported that fiber-sparing lesions of the lateral PAG blocked fear-potentiated startle. However, these lesions were relatively large, and gliosis was present in the area lateral to the PAG. More confined lesions that covered only the dorsal and lateral PAG did not block fear-potentiated startle (Walker and Davis, 1997) , and we did not find that infusion of NBQX into the PAG blocked fear-potentiated startle at a dose that appeared to diminish context-induced freezing, although admittedly only partially, consistent with the known role of the PAG in freezing (Blanchard et al., 1981; Zhang et al., 1990; Kim et al., 1993; Bandler and Shipley, 1994; Fanselow, 1994; Morgan et al., 1998) . Because the infusion site of NBQX in this study was in the dorsal/lateral PAG, the incomplete blockade of contextual freezing by NBQX may have been attributable to only partial diffusion into the ventrolateral PAG. It is, of course, possible that the failure to influence fear-potentiated startle by blockade of AMPA/kainate receptors in the PAG may be because glutamate is not required in this area for potentiated startle, although other transmitters here might mediate fear-potentiated startle. For example, the central nucleus of the amygdala contains high concentrations of GABA, so GABA acting in the PAG might mediate fear-potentiated startle. However, based on all these data, we believe that the effective site of the rostral midbrain in mediating fear-potentiated startle is confined to the junction between, and including, the deep SC/DpMe (Fig.  1) , which is located approximately lateral to the PAG, medial to the lateral part of the intermediate gray layer of the SC (lateral InG), ventral to the superficial layers of the superior colliculus (SuG and Op), and dorsal to the PaR, although the PaR remained to be investigated.
The deep SC/DpMe is known to be a sensorimotor interface, where sensory signals (visual, auditory, somatosensory, and nociceptive) converge and integrate, and further provides inputs to the motor output circuitry that guides animals to the stimulus (approach response) and/or initiates certain behavioral responses such as defensive reactions (Meredith and Stein, 1985; Redgrave et al., 1993; Stein and Meredith, 1993) . In the deep SC, different sensory modalities can activate a given cell (Meredith and Stein, 1985) , and a given sensory stimulus can influence different cells including motor cells that have descending projections to the reticular formation of the brainstem and the spinal cord (Meredith et al., 1992) .
Given the multimodal functions of the deep SC/DpMe, a concern may be raised that blockade of fear-potentiated startle by NBQX in the deep SC/DpMe may have resulted from an impairment of the sensory function in this area, particularly the visual, auditory, and nociceptive processing. However, our results make this highly unlikely. When NBQX was given before training, the magnitude of reactivity to footshock was similar between the control and NBQX groups (data not shown), and the infusion did not block the acquisition of fear conditioning that is dependent on nociceptive transmission to shock (Fig. 2) . The lack of effect on the acquisition also indicates that visual processing was not impaired. Finally, the fact that infusion of NBQX had no effect on baseline startle amplitude indicates that audition was also intact.
Consequently, it is likely that NBQX acts in the deep SC/ DpMe on neurons that are involved in fear-induced motor reactions. Among the motor reactivities involved in the deep SC/ DpMe are defensive reactions (Dean et al., 1988; Redgrave et al., 1996; Niemi-Junkola et al., 1997; Brandao et al., 2003) , startle response modulation (Meloni and Davis, 2000) , convulsions (Garcia-Rill et al., 1985; Hashizume et al., 2000; Ishimoto et al., 2000) , and locomotor activity (Sinnamon and Stopford, 1987; Sinnamon, 1993; Jordan, 1998) . The specificity of NBQX infused into this area on fear-potentiated startle compared with baseline startle suggests that amygdala terminals may release glutamate into the deep SC/DpMe when activated by a CS. It is currently not clear, however, whether there is a direct glutamatergic projection from the amygdala to the deep SC/DpMe, although it has been reported of glutamatergic projections from the central nucleus of the amygdala to other brain regions that have connections with the midbrain (Csaki et al., 2000; Takayama and Miura, 1991) . Additional labeling studies using retrograde tracers in the PnC, anterograde tracers in the central nucleus of the amygdala, and immunocytochemistry for glutamate transporters might help clarify this picture.
A recent study in our laboratory found a GABAergic projection from the central nucleus of the amygdala to the deep SC/ DpMe using labeling with GAD67 and retrograde and anterograde tracers (Shi and Davis, 2002) . Interestingly, only a few amygdala projection terminals in the deep SC/DpMe were in close proximity to the neurons that project to the PnC, implying that the majority of GABA-containing projections from the amygdala to this area may innervate interneurons rather than output neurons in the deep SC/DpMe. Because local infusion here of either GABA A (Meloni and Davis, 1999) or GABA B (Zhao et al., 2002) agonists blocked the expression of fear-potentiated startle, it is possible that GABAergic transmission in the deep SC/DpMe is also involved. If so, we speculate that glutamate would act directly on the output neurons in the deep SC/DpMe, whereas GABA might have a disinhibitory effect via inhibitory interneurons that could be tested with local infusion of GABA antagonists or GABA toxins.
Taken together with other literature, the data now indicate that different parts of the midbrain are involved in mediating different measures of conditioned fear, namely fear-potentiated startle and freezing, both of which are dependent on the amygdala. Thus, the deep SC/DpMe, but not the ventral PAG, is critical for fear-potentiated startle but not freezing, and the PAG, but not the deep SC/DpMe, is critical for freezing. Several studies now indicate that fear-potentiated startle and freezing do not always share similar modulation although both are dependent on the amygdala. For example, lesions of the medial prefrontal cortex retard extinction of conditioned fear measured with freezing (Morgan et al., 1993; Quirk et al., 2000) but not fear-potentiated startle . Similarly, lesions of the dorsal hippocampus block contextual conditioning measured with freezing but not fear-potentiated startle tested in the same animals (McNish et al., 1997) . Thus, it is possible that forebrain structures that modulate these two amygdala-dependent measures of fear may act at different sites of the brainstem rather than at the amygdala. This could explain why freezing and fear-potentiated startle do not always correlate and provide a mechanism to explain differential modulation of different aspects of fear behaviors that are sometimes seen. Future studies looking at differential anatomical inputs to the ventral PAG and deep SC/DpMe, as they relate to
